In wild-type mice, T-cell receptor (TCR) cd þ cells differentiate along a CD4 CD8 double-negative (DN) pathway whereas TCRab þ cells differentiate along the double-positive (DP) pathway. In the human postnatal thymus (PNT), DN, DP and single-positive (SP) TCRcd þ populations are present. Here, the precursor -progeny relationship of the various PNT TCRcd þ populations was studied and the role of the DP TCRcd þ population during T-cell differentiation was elucidated. We demonstrate that human TCRcd þ cells differentiate along two pathways downstream from an immature CD1 þ DN TCRcd þ precursor: a Notch-independent DN pathway generating mature DN and CD8aa SP TCRcd þ cells, and a Notch-dependent, highly proliferative DP pathway generating immature CD4 SP and subsequently DP TCRcd þ populations. DP TCRcd þ cells are actively rearranging the TCRa locus, and differentiate to TCR À DP cells, to CD8ab SP TCRcd þ cells and to TCRab þ cells. Finally, we show that the cd subset of T-cell acute lymphoblastic leukemias (T-ALL) consists mainly of CD4 SP or DP phenotypes carrying significantly more activating Notch mutations than DN T-ALL. The latter suggests that activating Notch mutations in TCRcd þ thymocytes induce proliferation and differentiation along the DP pathway in vivo.
Introduction

T-cell receptor (TCR)ab
þ lineage cells differentiate in the thymus through a CD4 CD8 double-positive (DP) intermediate stage, whereas TCRgd þ cells are reported to remain doublenegative (DN).
1 Double positivity is therefore considered as a TCRab lineage marker. However, TCRgd-dependent DP cells have been described in TCRb À/À , TCRa À/À and pre-Ta
TCRgd transgenic mouse models, and in mouse models in which downstream TCR signaling was dampened. 2 -9 Similarly, TCRab þ DN cells are detected at variable levels in TCRab transgenic animals. 10 This suggests that the nature of the TCR is not the only lineage-determining factor. Indeed, in vitro and in vivo experiments have shown that both TCR signaling strength and Notch signaling strength have a decisive role in lineage choice, rather than the nature of the TCR. 11 It was shown that in the presence of strong Notch signaling, TCRgd þ cells differentiate into ab-lineage DP cells. 8, 12 Unlike in the murine thymus, DP TCRgd þ cells constitute a sizeable fraction of the immature TCRgd þ population in human. 13 Mature TCRgd þ cells consist of DN cells, but single-positive (SP) mature TCRgd þ cells are seen as well. This indicates that in human, no straightforward relation exists between the nature of the expressed TCR and the CD4 -CD8 phenotype of thymic precursor cells. Similarly, a large percentage of the TCRgd þ acute lymphoblastic leukemia (ALL) cells were reported to be DP cells and only a minor fraction carries the DN phenotype.
14 As Notch1 is known to be mutated and activated in over 50% of T-cell acute lymphoblastic leukemias (T-ALL), 15 it is attractive to speculate that Notch1 activation may induce the ab-lineage phenotype in these TCRgd þ T-ALL. Apart from the demonstration that human CD1
þ TCRgd þ cells mature to CD1 À TCRgd þ cells, 13 no reports have been published on the precursor -progeny relationship between the different TCRgd þ populations. Here, we analyzed precursorprogeny relationship of the different populations as well as the stimuli required for differentiation.
Materials and methods
Human cell material
Postnatal thymus (PNT) was obtained from children (0 -12 years) that underwent cardiac surgery. Peripheral blood mononuclear cells were obtained from buffy coats of healthy blood donors by density gradient centrifugation (Lymphoprep, Nycomed Pharma, Zurich, Switzerland). Viably frozen diagnostic bone marrow or peripheral blood samples from TCRgd þ T-ALL patients were collected. Immunophenotypic data of the patient samples were generated at the Department of Immunology, Erasmus MC, the Netherlands. 16 For all these materials, informed consent was obtained in accordance with the Declaration of Helsinki. Experimental protocols and informed consent were approved by the ethical committee of the University Hospital Ghent and Erasmus MC.
Cell purifications
A thymocyte suspension was made within 24 h after surgery. CD34 þ or TCRgd þ cells were isolated by CD34 or anti-TCRgd magnetic-activated cell sorting (Miltenyi Biotec, Bergish Gladbach, Germany), to a purity of 480%, respectively 90%. The different gd populations were subsequently sorted with a fluorescent-activated cell sorting Aria II (BD Biosciences, Erembodegem, Belgium) to a purity of 499%. CD4 þ CD3 
Generation of TCRb-encoding retrovirus and transduction
The Phoenix-A-based amphotropic packaging cell line (a kind gift from Dr P Achacoso and Dr GP Nolan, Stanford University School of Medicine, Stanford, CA, USA) was transfected with a LZRS-IRES-nerve growth factor receptor (NGFR) plasmid containing the coding sequence of the BV13-TCRb derived from a CMV-specific TCR, to generate retroviral supernatant. Retroviral transduction of thymocytes has been described previously.
17
OP9-DL1 co-cultures
OP9-DL1 and the control OP9-green fluorescent protein (GFP) cell line were obtained from Dr JC Zuniga Pflucker (University of Toronto, Toronto, Canada). Both cell lines constitutively express GFP, which is measured in the fluoresceine isothiocyanate (FITC) channel. Co-cultures were performed as previously described. 18 In some experiments, different concentrations of the g-secretase inhibitor 7 N-[N-(3,5-difluorophenyl-L-alanyl)]-S-phenyl-glycine t-butyl ester (DAPT) (Peptides International, Louisville, KY, USA), diluted in dimethyl sulfoxide (Serva Electrophoresis, Heidelberg, Germany) were added. Sorted gd cell fractions were either immediately seeded on OP9-DL1 or OP9-GFP, or first labeled with PKH (named after the discoverer, Paul Karl Horan) (Sigma-Aldrich, Saint Louis, MI, USA), according to the manufacturers' instructions. 19 Experiments involving CD3 stimulation in the presence of irradiated OP9-DL1 were performed as described. 12 
Flow cytometry
Membrane and intracellular (Ic) labeling was performed as described previously. 18 An overview of the antibodies that were used can be found in Supplementary Materials. Flow cytometric analysis was performed using a LSR II Cytometer (BD Biosciences). Flow-Count Fluorospheres (Beckman-Coulter, Miami, FL, USA) were added to the samples for quantification of absolute cell numbers, according to the manufacturer's instructions.
T-cell expansion
Cells harvested from OP9-DL1 co-cultures were either directly transferred to a feeder cell mixture 18 or were first sorted for subpopulations.
Stimulation of T cells for cytokine production and CD107a assay
A total of 10 5 T cells were incubated in CD3-coated culture plates. CD28 antibody and CD49d antibody (both BD Biosciences) were added to a final concentration of 2 mg/ml each. After 1 h, GolgiPlug (BD Biosciences) was added, and an additional 5 h later, cells were harvested for Ic staining and analysis. For the CD107a assay, phycoerythrin-conjugated CD107a antibody was added at the initiation of the stimulation, and after 1 h, GolgiStop (BD Biosciences) was added. An additional 4 h later, cells were harvested and analyzed.
RNA isolation and real-time (RT)-PCR
All sorted populations were reanalyzed and negative for the presence of TCRab þ cells. RNA extraction, cDNA synthesis and RT-PCR were performed as described preciously. 18 The Figure 1 Phenotype of TCRgd þ thymocytes. Fresh postnatal thymocytes were labeled and analyzed by 7-color flow cytometry. A gate was applied on the lymphoid fraction using forward and side scatter. Doublets were excluded using FSC-aria (A) versus FSC-height (H). Dead cells were excluded by gating on the propidium iodide (PI)-negative cell fraction. CD3
þ TCRgd þ cells were analyzed for the expression of CD1. The expression of CD4, CD8a and CD8b is shown for both CD1 À (upper right) and CD1 þ (lower right) fractions. In the CD4 versus CD8a and the CD8a versus CD8b plots, percentage of cells in each quadrant is indicated. Results are from one representative experiment out of six. DNA isolation, TCR GeneScan/spectratyping analysis and T-cell receptor excision circle (TREC) analysis DNA was isolated using the GenElute Mammalian Genomic DNA Miniprep kit (Sigma-Aldrich) according to the manufacturers' instructions. GeneScan/spectratyping analysis for complete and in-frame Vb-Jb gene rearrangements were done by two multiplex PCR reactions as described by the BIOMED-2 Concerted Action. 20 The primers are listed in Supplementary Table S1 . The primers for the Jb1 cluster were hexachloro-6-carboxy-fluorescein (HEX) labeled, whereas primers for the Jb2 cluster were 6-carboxy-fluorescein (FAM)-labeled, and yielded a green or blue signal upon GeneScan 
CD3
þ TCRgd þ CD1 þ DN PNT cells, on day 9 of co-culture. Results shown are mean±s.e.m. of three independent experiments. Significant differences (Po0.05) are indicated (Mann -Whitney). The absolute numbers of all populations on day 5 and 9 of co-culture are shown in Supplementary Figure S1 . (c) CD3
þ CD1 þ DN TCRgd þ PNT cells were labeled with PKH, before co-culture on OP9-DL1 monolayers. PKH levels at the start of the co-culture are shown and after 4 days of co-culture for all cells, CD1 þ DP TCRgd þ and CD1 À TCRgd þ cells generated from the CD3 þ CD1 þ DN TCRgd þ PNT starting population. Results shown are from one representative experiment out of three independent experiments. Notch-induced human cd thymocyte differentiation S Van Coppernolle et al analysis, respectively. TCRa rearrangements were analyzed by means of a cDNA-based multiplex protocol, comprising five PCR reactions (tube A -E), each using a set of different Va family primers and a common Ca primer (Langerak et al., manuscript in preparation) (Supplementary Table S2 ). RT-quantitative PCR detection of dRec-cJa signal joints (TRECs) was performed according to the protocol described in Zubakov et al. 21 Briefly, qPCR was performed on 50 ng DNA in a 25-ml reaction mixture containing 700 nM of reverse primer 5 0 -TCGTGAGAACGGTGA ATGAAG-3 0 and of forward primer 5 0 -CCATGCTGACACCTCTG GTT-3 0 , and 150 nM of hydrolysis probe 5 0 -6-carbocyfluorescein (FAM) CACGGTGATGCATAGGCACCTGC-3 0 tetramethylrhodamine (TAMRA) and 12.5 ml 2Â TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA). TREC levels were normalized for DNA input using an albumin qPCR assay with forward and reverse primers, and a hydrolysis probe. 21 Data were analyzed with SDS v.2.1 software (Life Technologies Europe).
Mutation analysis of Notch1 exons
The heterodimerization domains (exon 26 and 27) and the PEST domain (exon 34) were sequenced on genomic DNA from primary human samples using the primers described by Weng et al. 15 
Results
Phenotype of distinct human postnatal TCRgd þ thymocyte populations
Human postnatal TCRgd þ thymocytes were analyzed by flow cytometry (Figure 1 ). CD1 was used as a maturation marker. 13, 22, 23 As shown in Figure 1 þ DN TCRgd þ cells were sorted from PNT and cultured on (GFP-positive) OP9-DL1 or on a control OP9-GFP cell line (Figure 2a ). On day 5 and 9 of co-culture (Supplementary Figure  S1 ), cells were harvested and analyzed. TCRgd expression was delineated according to coordinate expression of TCRgd using a FITC-labeled antibody and CD3 -phycoerytrin to distinguish these cells from GFP þ OP9(-DL1) cells. CD4SP and DP TCRgd þ cells were efficiently generated from CD1 þ DN TCRgd þ cells on OP9-DL1, but not on OP9-GFP. DP TCRgd þ cells expressed CD8ab heterodimers (data not shown). The fact that DP TCRgd þ cells were not observed on the OP9-GFP cell line was not due to different kinetics, as DP TCRgd þ cells were not observed during the entire course of the culture (Supplementary Figure S1 ). Mature CD1
À TCRgd þ cells on the other hand were generated from CD1
þ DN TCRgd þ cells as efficient on OP9-GFP as on OP9-DL1 (Figures 2a and b) . These mature gd cells were predominantly DN or CD8aa SP (Figure 2a and data not shown). This shows that mature CD1 À DN and CD8aa TCRgd þ cells can be generated from CD1 þ DN TCRgd þ cells without passage through a DP stage. This is further substantiated by analysis of the proliferative status of the TCRgd þ populations. Sorted CD1
þ DN TCRgd þ cells were labeled with PKH before OP9-DL1 co-culture. The PKH staining intensity at the beginning of the cultures is shown in Figure 2c . After 4 days, the PKH intensity measured on all cells was heterogeneous. Upon gating on CD1
þ DP TCRgd þ and CD1 À TCRgd þ cell populations that were generated, it was obvious that immature CD1 þ DP TCRgd þ cells presented a lower PKH intensity and therefore are derived after more profound proliferation than the mature CD1 À TCRgd þ cells (Figure 2c ).
Pre-TCR expression is not required for the generation of TCRgd þ DP T cells
For TCRab þ precursor cells, an in-frame TCRb is required to differentiate to DP cells (b-selection). 25 To investigate whether
þ DP PNT (right) cells were co-cultured on OP9-DL1. Co-cultures were analyzed by flow cytometry at different time points. Doublets and dead cells were gated out. Absolute cell numbers of CD3 þ CD1 þ DP TCRgd þ cells that were generated from the three different starting populations on day 9 of co-culture are shown. Results shown are mean±s.e.m. of three independent experiments. Significant differences (Po0.05) are indicated (Mann -Whitney).
À pre-b-selection PNT cells were transduced with TCRb-IRES-NGFR-encoding retrovirus. NGFR was used as a marker for transduction. After transduction, cells were seeded on OP9-DL1 cells. Transduced and non-transduced day 9 co-cultured cells were analyzed for the expression of CD3, TCRgd, CD8a and CD4. Numbers indicate percentages of cells that are located in the respective gates or quadrants. Results shown are representative for three independent experiments. (c) Absolute numbers of CD3 þ CD1 þ DP TCRgd þ cells that were generated from10 4 TCRb TD (NGFR þ , in white) and non-TD (NGFR
Results shown are mean±s.e.m. of three independent experiments. Differences were nonsignificant (NS) as determined by Mann -Whitney. (d) Spectratyping analysis of TCRb rearrangements of the indicated PNT-derived populations. All populations were obtained by cell sorting and no detectable contamination was observed. The primers for the Jb1 cluster were HEX-labeled, whereas primers for the Jb2 cluster were FAM-labeled, and yielded a green or blue signal upon GeneScan analysis, respectively. Red lines represent molecular weight markers. Results shown are representative for two independent experiments. Note the less indented profiles in both tubes for the various TCRgd þ subpopulations, as compared with TCRab þ DP cells, which reflects a virtual lack of selection for in-frame Vb-Jb rearrangements. 
Notch-induced human
À DP cell populations, both expressing cytoplasmic TCRb, 26 and CD1 þ DN TCRgd þ cells were sorted from human PNT and cultured on OP9-DL1 (Figure 3a) (Figure 3a) . In contrast, a mean of 2. (Figure 3a) . These data indicate that CD1 þ DP TCRgd þ cells arise most efficiently through the differentiation from immature gd lineage cells rather than from immature pre-TCR-expressing ab lineage cells.
It could be argued, however, that the post-b-selection CD3 À CD8a À CD4 þ CD28 þ and CD3 À DP populations tested are already committed to the ab lineage. Therefore, pre-bselection and pTa-expressing TCRb À CD28 À PNT immature single-positive cells 26 were transduced with a rearranged TCRb-encoding sequence and NGFR as a marker gene. These cells were subsequently cultured on OP9-DL1. As shown in Supplementary Figure S2 , Ic TCRb (Icb) expression correlated well with NGFR expression. TCRb-transduced cells generated, if anything, fewer TCRgd þ cells than untransduced cells, and only few of these were DP, suggesting that pre-TCR expression is inhibiting rather than enhancing differentiation to TCRgd þ DP cells (Figures 3b and c) .
Additionally, the TCRb rearrangements and expression in the different TCRgd þ populations were studied. However, in our hands, flow cytometric Icb staining on TCRgd was difficult to interpret. To clarify this issue, TCRb rearrangements were analyzed at the genomic level on TCRgd þ subpopulations and as a control TCRab þ DP populations sorted from PNT 20, 27 ( Figure 3d ). As expected, rearrangements of the TCRab þ population are selected for in-frame Vb-Jb rearrangements based on the three-nucleotide spacing of the peaks in Figure 3d . In contrast, while all TCRgd þ populations did show Vb-Jb rearrangements, none of these reflected selection for in-frame Vb-Jb rearrangements as was seen for TCRab þ cells. Collectively, these data indicate that in-frame TCRb and therefore pre-TCR signaling is not required for the generation of DP TCRgd þ cells. It was shown in mice that the pre-TCR synergizes more efficiently with Notch to generate DP cells than prematurely expressed TCRab or TCRgd receptors. 8 We show here by culturing in increasing concentrations of DAPT, a gamma secretase inhibitor to inhibit the Notch pathway, that the generation of DP TCRgd þ cells is more sensitive to DAPT inhibition than the generation of ab lineage CD3 À DP cells (Figure 3e ). This suggests again that the TCRgd chain rather than the pre-TCR is involved in the generation of DP TCRgd þ cells.
reflecting ongoing TCRa locus rearrangements
We subsequently sorted CD1 þ DP TCRgd þ cells from PNT, and analyzed their differentiation capacity in the presence (OP9-DL1) or absence (OP9-GFP) of Notch signaling. Figure 4a shows phenotype of the cells, and Figure 4b shows absolute cell numbers of CD1 þ DP TCRgd þ , CD3 À TCRgd À and CD1
À TCRgd þ cells that were generated from 10 4 cells after 9 days of co-culture. CD1
þ DP TCRgd þ cells proliferated in the presence of Notch stimulation; whereas in the absence of Notch stimulation, DP cells died within 5 days (Figures 4a and b and Supplementary Figure S3) . Although CD1 À TCRgd þ cells were generated in both conditions, Notch stimulation significantly increased their number. Finally, in the presence of Notch stimulation, a significant CD3 À TCRgd À population appeared (Figure 4b and Supplementary Figure S3) . The latter suggests that TCRa rearrangements are ongoing in the DP TCRgd þ cell population with concomitant deletion of the TCRd locus. We sorted the various TCRgd þ populations and analyzed dRec-cJa TRECs levels. TRECs were exclusively detectable in the DP and CD4SP TCRgd þ populations ( Figure 4c ). As expected, TREC levels were not as high as in the TCRab þ DP cells, which may have both a loci rearranged. PNT DP TCRgd þ cells not only delete the TCRd locus but also actively rearrange the TCRa locus, as different Va-Ca transcripts that reflect a heterogeneity of Va-Ja rearrangements were readily detected (representative result of a Va-Ca multiplex PCR is shown in Figure 4e ). Va-Ja rearrangements were not observed in the other immature CD1 þ TCRgd þ populations (Figure 4e ). Although Notch stimuli are required for the survival and proliferation of DP TCRgd þ cells, the Notch stimulus by itself blocks rather than induces TCRa rearrangements. 28 Evidence for this is shown in Figure 4d . When post-b-selection CD28 þ immature single-positive cells were incubated on OP9-DL1 versus the control OP9-GFP cell line for 24 h, RORgt transcript levels, germline Ca transcript levels as well as TCRa rearrangements decreased. This is not a result of faster maturation kinetics of the cells on OP9-GFP, as after 48 h of culture virtually no mature CD3 þ cells were observed (data not shown). As DP TCRgd þ cells have higher requirements for Notch than TCRab þ DP cells (Figure 3e and Van de Walle et al. 28 ), this could be a reason why dRec-cJa TREC levels are lower in DP TCRgd þ than in TCRab þ DP cells, and why these Figure 4 Progeny of DP TCRgd
þ DP TCRgd þ PNT cells were sorted and put in co-culture on OP9-DL1 or OP9-GFP for analysis of progeny. Cells were phenotyped at different time points. Doublets and dead cells were gated out. TCRgd þ cells were labeled using TCRgd-FITC antibody. Note the population CD3 À FITC þ cells, which represent the eGFP-expressing OP9 cells. (a) Flow cytometric analysis on day 9 of co-culture, starting from 10 (Figure 4f ). This is presumably the result of functional TCRa rearrangements in cells that have co-incidental in-frame TCRb rearrangements.
Notch-induced human cd thymocyte differentiation S Van Coppernolle et al
DP TCRgd
þ T cells give rise to mature functional
Despite ongoing a locus rearrangements in DP TCRgd þ cells, the generation of phenotypically mature CD1 À TCRgd þ cells was observed (Figures 4a and b) . These cells consisted mainly of CD8aa and CD8ab SP cells (data not shown). As it was reported that TCR stimulation induces maturation of TCRgd þ cells and apoptosis in TCRab þ cells, 7,9,12,29 we attempted maturation in the presence of CD3 monoclonal antibody following the protocol as described. 12 PNT CD1 þ DP TCRgd þ and CD1 þ DN TCRgd þ cells were cultured on CD3mAb-coated plates in the presence of non-confluent-irradiated OP9-DL1 and interleukin-7 (Figure 5a and b) . CD1
þ DN TCRgd þ no longer gave rise to CD1 þ DP TCRgd þ cells, but matured rapidly to CD1 À cells, which were virtually all DN or CD8aa (Figure 5a, lower) . T cells in a similar way. However, DP TCRgd þ cells generated besides DN and CD8aa SP, also 33% CD8ab SP cells (Figure 5a , upper). PNT CD1 þ DP TCRgd þ cells derived DN, CD8aa SP and CD8ab SP CD1 À cells were tested and shown to exocytose CD107a (measure for cytotoxicity), and to produce tumor necrosis factor-a and interferon-g upon stimulation (Figure 5b ), similar to PNT CD1
þ DN TCRgd þ cell-derived DN and CD8aa SP CD1
À cells (Supplementary Figure S4) . To investigate whether these two differentiation pathways were operative in vivo, we analyzed TCRa rearrangements in uncultured CD1
À mature cell populations isolated from PNT. TCRa rearrangement transcripts were indeed observed in the CD1 À TCRgd þ cell population ( Figure 5c ). As in vitro CD1 À TCRgd þ CD8ab cells are generated exclusively from the DP cells, we sorted PNT CD1
À TCRgd þ cells in DN, CD8aa and CD8ab cells, and reanalyzed TCRa rearrangements (Figure 5c ). TCRa rearrangements were only observed in CD8ab SP cells, suggesting that also in vivo CD8ab cells are generated from the DP TCRgd þ cells.
DN, but not CD4SP, and DP TCRgd þ T-ALL are depleted for activating Notch mutations T-ALL were reported to carry activating Notch pathway mutations in about 50% of the patients. Such activating mutations were observed in the heterodimerization domain (exon 26 and 27) and the PEST domain of the Notch1 gene (exon 34). We therefore investigated whether TCRgd þ T-ALL have a DP pathway phenotype when Notch1 mutations are present. In a panel of 26 random TCRgd þ T-ALL samples, the majority (18/26) showed CD4 SP or DP phenotypes that both belong to the DP pathway. Only 7/26 samples were DN. As in the TCRgd þ T-ALL samples, the CD8b phenotype was unknown, the single CD8SP ALL sample was omitted from further analysis. As can be seen from Table 1 , Notch1 gain of function mutations were almost exclusively found in the CD4SP and DP TCRgd þ T-ALL. These data suggest that also in patient leukemia samples, Notch1 is functionally active and steers differentiation along the DP pathway.
Discussion
We demonstrate here that human TCRgd þ cells differentiate via two parallel pathways: a DN pathway, which generates mature DN and CD8aa SP TCRgd þ cells, and a DP pathway that generates besides mature CD8ab TCRgd þ T cells, also CD3 À DP and TCRab þ DP cells. The latter pathway is strongly Notch dependent and highly proliferative. TCRgd þ T-ALL cells likewise seem to differentiate along the DN or DP pathways depending on whether activating Notch pathway mutations are present.
During TCRab differentiation, b-selection represents an essential step for the acquisition of the DP phenotype as virtually no DP cells are observed in pre-Ta or TCRb knock-out mice. 5 We here present evidence against the involvement of pre-TCR-mediated b-selection in the generation of DP TCRgd þ cells in human. We found that in-frame TCRb rearrangements were not enriched in the DP TCRgd þ population. This is in agreement with the data of Wilson et al. and Joachims et al., 30, 31 showing that only B10 -20% of TCRgd þ cells express Icb. However, they observed that Icb ). In contrast, the requirement for Notch signaling for the generation of DP cells from untransduced CD34 þ PNT is much less pronounced (Figure 3e and Van de Walle et al.
28
). These observations indicate that TCR-mediated differentiation to DP cells require higher Notch activation than pre-TCR-mediated differentiation, as was previously shown in murine models. 8, 12 Notch signaling was shown to work in synergy with (pre-)TCR signaling to downregulate E proteins required for DP cell differentiation, and it is possible that the relative strength of both signal is important in this process. 6, 32, 33 Previous studies in mice showed that generation and differentiation of TCRgd þ cells is relatively Notch independent whereas TCRab differentiation required Notch signaling. 8, 11, 34, 35 In contrast, the generation of human TCRgd þ cells in vitro was shown to be highly Notch dependent, whereas a lower than maximal dose of Notch was optimal for efficient TCRab differentiation. 28 This apparent discrepancy may result from the fact that human DP cells, generated from TCRgd þ precursor cells, continue to express TCRgd -CD3 complexes, whereas in mice these DP cells rapidly lose expression of TCRgd -CD3 complexes and are no longer identified as gd-lineage cells (TCRgd À ) but as ab lineage cells (DP). 5, 8, 12 In the mouse, these (TCRgd) DP cells cannot easily be discriminated from pre-TCR þ DP cells. Kang et al. 5 showed that CD25 is expressed on these murine DP CD3
À cells derived from TCRgd þ cells as evidenced by the enrichment of in-frame TCRg and TCRd rearrangements. We therefore speculate that the murine TCRgd population would also increase with increasing Notch stimulation if these CD25
þ DP cells containing in-frame TCRg and TCRd rearrangements were included.
In mice, immature TCRgd þ cells that differentiate towards the DP stage, lose TCRgd expression and become ab-lineage cells. 12 These cells are considered bona fide ab-lineage cells because they have the DP phenotype, rearrange the TCRa locus and eventually express TCRab. 5 It is hypothesized that only mature TCRab þ cells are generated from these DP precursors, and not mature TCRgd þ cells. 12 We show here that in human a similar process takes place in vivo. The TCRgd-derived DP population is rearranging the TCRa locus. As a result, part of the cells eventually lose CD3-TCRgd expression and become CD3 À DP. A fraction subsequently expresses the TCRab -CD3 complex. Importantly and contrary to murine TCRgd þ cells, not all cells lose TCRgd expression, and a population of DP TCRgd þ cells can be clearly discriminated. This DP population is able to contribute to the mature TCRgd þ pool. We believe this is due to two phenomena. First, strong Notch signals, which are required for the generation and proliferation of DP TCRgd þ cells, inhibit TCRa rearrangements. This inhibition may be a consequence of the downregulation by Notch of E protein activity, which is known to induce rearrangements. 36 Whatever the mechanism, this results in relatively lower dRec-cJa TREC levels per DP TCRgd þ cell as compared with DP TCRab þ cells, allowing concomitant TCRa and TCRd expression during a prolonged time. Second, we show that TCR stimulation of DP TCRgd þ cells induces rapid maturation to CD1
À TCRgd þ cells. The resulting cells lose CD4 expression but retain CD8. As predicted, mature uncultured CD8ab SP TCRgd þ thymocytes contain TCRa rearrangements, indicating that this differentiation pathway is not an artifact induced by culture but is also operative in PNT. Whether these DP-derived CD1
À TCRgd þ cells leave the thymus and have a role in the periphery is unclear as we were unable to detect the presence of these cells in the peripheral blood of healthy donors. We could show that in TCRgd þ T-ALL, the Notch1 mutations have a profound influence on differentiation and therefore, the phenotype of the leukemic cells. This results in the majority of the TCRgd þ T-ALL to acquire a DP pathway phenotype. However, we found 7/18 DP pathway ALL without known Notch1 pathway mutations. It is tempting to speculate that these leukemic blast may have other mutations such as in the FBXW7 gene. 37, 38 Alternatively, 1/7 had a clear insertion in the heterodimerisation domain while being DN in phenotype. As our results show that TCR stimulation has a dominant effect on Notch signaling as it inhibits the DP pathway in the presence of Notch1 activation, one can speculate that these cells may have concomitant activating mutations in the TCR signaling pathway.
In conclusion, we propose a novel model for human TCRgd differentiation as is shown in Figure 6 . During T-cell development, bone marrow-derived stem cells enter the thymus and hierarchically start to rearrange TCRd, TCRg and TCRb loci with the generation of immature TCRgd cells (stage 1). 28 À DP and a subpopulation may now encounter the TCR ligand because CD4 or CD8 is required for proper avidity, TCR/CD3 complexes are upregulated or because ligand availability is limited to a particular niche. TCR stimulation then induces differentiation of the DP cells to mature TCRgd þ CD8ab SP cells.
